Over the past 18 months, there have been notable developments in the direct-to-consumer (DTC) genomic testing arena, in particular with regard to issues surrounding governmental regulation in the USA. While commentaries continue to proliferate on this topic, actual empirical research remains relatively scant. In terms of DTC genomic testing for disease susceptibility, most of the research has centered on uptake, perceptions and attitudes toward testing among health care professionals and consumers. Only a few available studies have examined actual behavioral response among consumers, and we are not aware of any studies that have examined response to DTC genetic testing for ancestry or for drug response. We propose that further research in this area is desperately needed, despite challenges in designing appropriate studies given the rapid pace at which the field is evolving. Ultimately, DTC genomic testing for common markers and conditions is only a precursor to the eventual cost-effectiveness and wide availability of whole genome sequencing of individuals, although it remains unclear whether DTC genomic information will still be attainable. Either way, however, current knowledge needs to be extended and enhanced with respect to the delivery, impact and use of increasingly accurate and comprehensive individualized genomic data.
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Over the past few years, there has been a flurry of activity in the direct-to-consumer (DTC) genetic testing space, an area of genomics that has been fraught with controversy. As the number of companies and number of tests offered by each company have proliferated (1), so, too, have efforts aimed at increased governmental regulation of this industry, especially in the USA (2, 3) . Over the past year, we have also seen actual empirical data start to emerge on both perceptions of and attitudes toward DTC genetic testing, as well as on psychological and behavioral responses to testing. Our review of available studies suggests, however, that more work in this area is desperately needed even though there are challenges with respect to the design and timely execution of such studies. For instance, there are no available studies on long-term follow-up of individuals who have undergone DTC genomic testing for disease susceptibility, nor any studies on response to testing for genetic ancestry or pharmacogenomic testing. Further, there are still open questions with respect to the consistency of disease risk estimates provided by different DTC companies (4, 5) , as well as related questions surrounding the clinical validity and clinical utility of tests that are offered.
In this review, we briefly discuss the pros and cons of DTC personalized genomic testing and describe the current landscape of the DTC genetic testing market. We also review important events over the past year, which have been aimed at issues surrounding US governmental regulation of DTC testing. We then delineate ongoing large-scale research initiatives that aim to inform relevant issues pertaining to DTC genomic testing, as well as currently available research findings in this area. Finally, we comment on topics that we believe are 'on the horizon' in this area, including DTC genomic testing of children and adolescents, as well as the potential for affordable DTC whole genome sequencing (WGS). We suggest that DTC genomic testing for common markers and conditions is only a precursor to the eventual costeffectiveness and wide availability of WGS of individuals, although whether or not this information will remain directly available to consumers is still an open question.
PROS, CONS AND THE CURRENT LANDSCAPE OF DTC GENOMIC TESTING
As of May 2010, there were .30 DTC genetic testing companies that collectively offered .400 health-related tests (1), and these numbers appear to be on the rise. These tests can, by definition, be purchased by consumers online. The fees for different tests have typically ranged from $99 to over $2000, and testing does not require the involvement of a health-care provider, although some companies are now imposing such a requirement [e.g. pathway genomics (6) ]. There are a range of types of genetic tests that are currently offered DTC, as well as wide variation with respect to the extent to which each company uses the scientific literature to support their decisions concerning which tests they offer. This review will, for the most part, focus on tests where results are provided for multiple common genetic markers conferring susceptibilities for multiple common health conditions and traits. These tests are based on high-throughput genome-wide genotyping technologies and findings from genome-wide association studies (7) . Starting in late 2007, a number of companies began offering such testing, including 23andMe (8), Navigenics (9), deCODE (10) and in 2008, Pathway Genomics (6) .
This type of testing has been highly controversial. Those opposed to it argue that it has limited value given the small relative risks contributed by common genetic variants and the fact that most variants identified to date only account for a small fraction of the genetic variance of any one disease. There is also evidence that the risk estimates provided across companies are inconsistent (4, 5, 11, 12) , primarily due to the use of different single nucleotide polymorphisms (SNPs) and risk prediction algorithms. For the most part, the various tests offered also currently lack demonstrated clinical validity and utility (13, 14) . Other criticisms are that consumers may be confused by their results, or experience anxiety related to premature estimates of high risk, which could result in the pursuit of expensive and unnecessary medical interventions (15) . Alternatively, they may be falsely reassured by estimates of low risk and fail to take appropriate preventative measures. On this point, several professional organizations (16) (17) (18) , including the National Society of Genetic Counselors (19) , American College of Medical Genetics (20) and American Medical Association (AMA) (21) , have put forth position statements indicating that genetic testing should involve a health-care provider. Other concerns include the possibility of discrimination if privacy is not maintained and the exacerbation of existing health disparities related to the costs of testing and inequitable access for different groups of individuals.
On the other hand, proponents of DTC genomic testing argue that there is public interest in genomic information and that it is overly paternalistic to deny individuals access to information about their own bodies. It is also proposed that direct access to genomic testing may empower consumers to educate themselves, as well as to make proactive decisions about their own health, such as decisions to engage in lifestyle behavioral change efforts aimed at disease risk reduction. In this regard, genomic information is thought by some to be inherently more powerful relative to other types of non-genetic risk information, a notion commonly referred to as 'genetic exceptionalism' (22) . Some also assert that DTC genetic testing may, somewhat counter-intuitively, be a viable alternative for individuals who are fearful of genetic discrimination and insurance loss resulting from testing through a health-care provider with the results documented in medical records (23) . Overall, these factors have prompted countless commentaries on these and other related topics including, but not limited to, the risks and need (or not) for regulation of DTC testing (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) , the impact of DTC testing on consumers (34 -37), physicians and the healthcare system (15, 38) , the appropriateness and impact of disease-specific testing (39-41) and implications for genomic research (42) (43) (44) .
While there has been a lively debate over these issues since the above-mentioned DTC genomic testing companies came on the scene roughly 4 years ago, over the past 18 months, issues around US governmental regulation have come to a head (Table 1, timeline). Specifically, consumer genomic testing came under fire in May 2010 when Pathway Genomics announced a partnership with Walgreens Drug Stores in which they planned to sell their DNA saliva kits on the shelves at .6000 retail stores nationwide (45) . This would have marked the first time that the sale of these tests moved from internet commerce to retail availability. This led the US Food and Drug Administration (FDA) to question the federal regulatory approval of the tests offered by all of the primary DTC genomic testing companies (6,8 -10,46) and another service provider (47) .
In part prompted by these events, the FDA held a public meeting in July 2010 to help determine how regulation of so-called laboratory developed tests (LDTs) should proceed. That same month there was a Congressional Committee hearing to evaluate the 'public health consequences' of DTC genomic testing (48) , as well as the release of a new report assembled by the General Accounting Office (GAO) in which a 'sting' operation targeted at DTC genomic testing companies was unveiled (5) . The report presented findings, which suggested that some of the companies not only produced inaccurate test results, but also engaged in deceptive (21) , which some have suggested is ironic given that most physicians report a lack of knowledge in the area of genomic medicine (50, 51) . This was done in advance of a March meeting where a special panel was convened to gather information on, and to evaluate the benefits and harms of, DTC genomic testing in order to inform the FDA (3). While, to our knowledge, no firm decisions have been made yet regarding the regulatory process for DTC genomic testing, the sense among many is that soon such tests may only be available through one's physician.
In parallel, the National Institutes of Health (NIH) has responded to increasing concerns over the need for transparency about genetic testing and the potential for misinterpretation of results by initiating the development of a Genetic Testing Registry (GTR) (52) . The GTR will be a publically available, online database that provides information addressing the availability, clinical validity and clinical utility of genetic tests. The goal of this effort is to better equip physicians and consumers to determine the appropriateness of specific genetic tests (53) . Information in the registry will be voluntarily provided by genetic testing companies, and it is projected to become available in late 2011.
RESEARCH INITIATIVES TO INFORM DTC GENOMIC TESTING FOR COMMON DISEASES
The controversies around DTC genomic testing have been complicated by a lack of empirical, prospective data. To begin to bridge this gap, we know of three large-scale research studies that have been initiated, including the Coriell Personalized Medicine Collaborative (CPMC) (54, 55) , the Multiplex Initiative (56) (57) (58) and an effort from our own institute, the Scripps Genomic Health Initiative (SGHI) (59, 60) . While all three studies are unique in several respects, they share a notable strength, which is the enrollment of large sample sizes. Previous studies on the behavioral and psychological response to testing for single-gene conditions have been limited in this respect (61) . We briefly describe each of these initiatives below, and then in the following section, review specific research findings that have emerged from these efforts, in addition to other published studies.
Coriell Personalized Medicine Collaborative
The CPMC (54) is a prospective observational cohort study designed to assess the impact of multiplex genomic testing and return-of-results on health behaviors. A recent paper by Keller and colleagues (55) indicated that over 4000 individuals have been enrolled in the CPMC community cohort to date. Participants provide medical history information via a webbased survey, and DNA is tested for at least 16 health conditions. Participants receive an email request to complete a follow-up health behavior outcome survey every 3 and 12 months after viewing a risk report. Thus far, customized risk results (55) have been disclosed for a subset of six conditions; however, there are currently no published data of which we are aware that have reported on the behavioral response of individuals to testing.
Multiplex Initiative
The Multiplex Initiative was launched in 2006 and is led by scientists at the National Human Genome Research Institute (NHGRI) (56) . This initiative is also a prospective, observational study, and is designed to answer questions about the characteristics of individuals who, when offered free susceptibility testing for multiple common diseases, have interest in being tested (62) . Particular strengths of this study are that participants were drawn from a known sampling frame of individuals enrolled in a large health system and health maintenance organization, and groups traditionally under-represented in research were over-sampled. The genetic test offered includes 15 genetic variants that confer risk for eight common health conditions (63) . Published reports to date indicate that the total number of individuals who completed an initial survey and considered undergoing testing was 612, which was 14% of the surveyed sample; of these, 266 provided written consent and had blood drawn for testing (64) . The behavioral responses of those participants who underwent testing are assessed via a 3-month follow-up telephone survey. Although we are not aware of any published reports on response to testing, there have been a number of reports that have evaluated characteristics associated with interest in multiplex testing and the decision to get tested (57) .
Scripps Genomic Health Initiative
The SGHI is also a prospective, longitudinal, cohort study designed to assess response to DTC genomic testing. The study was initiated in October 2008. Over 4000 individuals were enrolled in the study (59) , and roughly half completed an initial follow-up assessment administered at 3 months posttesting (60) . Although similar in some respects to the previous two initiatives, the SGHI possesses some unique features, including the fact that SGHI participants purchased a commercially available DTC genomic test [the Navigenics HealthCompass (9)]. Thus, in many ways, participants can be thought of as reflecting 'real' consumers of DTC genomic testing, and indeed, characterization of the sample has revealed that it is largely representative of the current population of consumers of DTC genomic tests (60) . Therefore, of all of these initiatives, the SGHI would seem to most closely mirror the current realities of how DTC genomic tests are currently being offered to the public. In the SGHI, participants were administered baseline, as well as 3-and 12-month follow-up web-based health assessments focusing on surveillance/health screening behaviors, lifestyle (i.e. diet and exercise) and psychological functioning. Reports on both the baseline characteristics and perceptions of the sample (59), as well as on the response of participants to testing (60) have been published.
It is worth mentioning that other initiatives, while not focused on multiplex genetic testing, have helped to inform some research questions related to DTC genomic testing and (65), and some preliminary evidence of moderate behavioral impact (66) . Smaller scale studies on the clinical (67) as well as behavioral impact (58, 68, 69) of genetic testing for common susceptibility variants have also been done. Furthermore, a search of the NIH's database of currently funded projects (70) using the search term direct-to-consumer reveals 17 matches, including study topics ranging from attitudes and experiences of early adopters of personalized genomics to the impact of DTC genetic testing on policy development. This suggests that additional research to inform this controversial area of genomics may soon start to emerge.
RESEARCH FINDINGS TO DATE CONCERNING DTC GENOMIC TESTING
We searched the empirical and qualitative research literatures for studies that pertain to, or were designed to inform, DTC genomic testing. Our search produced a few noteworthy findings. First, in general, although many commentaries have been published on this topic, there are few actual research studies (Table 2 ). Secondly, very few studies have been published to date that address what is a primary issue in DTC genomic testing, which is how consumers interpret, understand and respond to test results. In fact, a published report from our own SGHI study is the only study of which we are aware that has addressed this question in a large cohort (60) . Findings from this study indicated minimal impacts of testing on participants, including a lack of psychological harm. The other main finding was that respondents reported the intention to undergo specific clinical screening tests with greater frequency, which correlated with the pattern of disease risk results that were disclosed. With the exception of two published case studies of individuals who underwent DTC genomic testing (23,71), we found only one other study that has evaluated response to multiplex genomic testing, which was a small-sample study of individuals with advanced training in genetics (72) ( Table 2) . The other studies identified seem to reflect a few main themes, including (i) awareness of DTC genomic testing; (ii) demographics, interest and attitudes and perceptions among potential consumers and health-care providers; (iii) communication of genomic information and genomic risk; and (iv) the impact of testing on the health-care system. In terms of public awareness, findings to date seem to suggest that while some segments of the population (e.g. well-educated, internet-savvy individuals) are quite aware of DTC genomic tests, the majority of the general population is not (73) (74) (75) (76) . Consistent with this, one study published in 2010 estimated that the overall demand for DTC genomic tests at the time of the study was likely small, and thus the impact on health systems was likely to also be minimal (77) . Likewise, two studies that have actually tried to assess the impact of DTC genomic testing on the number of health-care referrals have also drawn similar conclusions (78, 79) . Importantly, all of these studies only reflect the landscape of DTC genomic testing at a given point in time and cannot necessarily speak to future demand.
In terms of uptake of testing by different groups, early studies suggest that women, individuals of Caucasian background, and highly educated individuals are most likely to undergo testing (54, 59, 62) . Further, those interested in testing primarily cite curiosity as the reason (51, 80, 81) or a belief that it is important to learn about genetics (57) . They also often indicate their intention to include their physician in the process (80, 82) . Also, interestingly, even those who decide or intend to undergo testing still have concerns about the process, most notably concerns related to confidentiality (51, 59) . A few other studies have also examined communication patterns around delivery of DTC genomic test results. This work suggests that individuals can find web-based information on multiplex genomic testing to be helpful in their decision-making around whether or not to be tested (83); however, a content analysis of 29 actual DTC websites found that overall, the sites demanded high literacy levels, suggesting that many users may struggle to find and understand important information (84) .
DTC PHARMACOGENOMIC AND ANCESTRY TESTING
Two other prominent types of tests offered by many DTC genomic testing companies are pharmacogenomic tests and testing for ancestry or one's 'geographical origins'. Pharmacogenomic markers and associations arguably represent an area of genomics that may in fact be most ready for clinical translation (85), although as with DTC genomic disease susceptibility testing, ethical and social issues have been raised (86, 87) . Table 3 shows pharmacogenomic tests offered as of June 2011 by the three primary DTC genomic testing companies. In regards to ancestry testing, Royal et al. (88) indicated that at the time of publication, there were 40 companies in various countries that were providing genetic ancestry testing to the public. Although there are population-specific differences in disease and drug response (89) and thus ancestry testing could theoretically inform health-related issues, it has been suggested that most scientists and consumers view these tests as merely recreational (90) . Notably, we know of no studies that have evaluated consumer response to either pharmacogenomic or ancestry testing. Questions such as whether or not consumers bring their 'medications' test results to their physician, or whether ancestry testing is impactful in terms of an individual's self-concept, loom large. In the future, we hope to be able to speak to such questions through analysis of relevant data we have collected as part of our SGHI study. Further, several companies are continually developing new tests, including tests that take into account an individual's specific phenotypic characteristics (e.g. see the 'Pathway Fit' test, a nutrigenomic test currently offered by Pathway Genomics: https://www.pathway.com/ dna-reports/pathway-fit). Goal was to determine what psychological and behavioral factors predict who is likely to seek SNP-based genetic tests for multiple common health conditions. Only a third of those offered free testing logged on to a study website to review the relevant information (n ¼ 612), and less than half of this group elected to undergo testing (n ¼ 266). Individuals who believed it important to learn about genetics, were confident they could understand genetics, and self-reported the greatest number of health habits to change were most likely to get tested Students were surveyed before and after (n ¼ 31) a graduate level genetics course to determine attitudes toward personal genomic testing for both physicians and consumers. After the course, students were less likely to believe in the usefulness of genotyping information; a slight majority of the students were and remained interested in undergoing genotyping themselves, but cited curiosity as the primary reason; 50% of students expressed concern about the confidentiality of the results A total of 14 participants received individual reports of estimated genomic ancestry, genotype data and reported disease associations at no cost. Emotional, cognitive and health behavioral impact was assessed through one-on-one interviews administered pre-and post-testing. Results suggested high interest before and immediately following testing, but a decline in interest with time. Participants deferred to family history-based risks when genomic risks were inconsistent with this, and there was relatively low uptake of health behavior change (72) Bloss et al., 2011 Adult DTC genomic test consumers aged 19 -85 enrolled in the SGHI Evaluated the impact of testing with the Navigenics HealthCompass among a cohort of 2037 consumers who completed follow-up assessment. Analyses showed no significant impact on anxiety symptoms, dietary fat intake or exercise behavior. Test-related distress was positively correlated with the average estimated lifetime risk among all the assessed conditions, but over 90% of participants indicated no test-related distress. There was also no significant increase in the actual use of health screening tests; however, participants reported the intention to increase the frequency of screening in the future (60) Austin and Hegele, 2011 Case study Patient (52-year-old male) underwent DTC genomic testing with 23andMe. In terms of risk for cardiovascular disease, genotyping suggested decreased risk, versus family history, which suggested increased risk. Underscores the importance of an understanding of DTC genomic test limitations among both consumers and physicians (71) Roberts et al., 2011 Case study Patient from large family affected with Lynch syndrome in which there is a known mutation in MSH2. Patient was aware that clinical genetic testing for the familial mutation was available, but was concerned that if the result was positive, he/she would lose or be unable to afford health insurance. Instead underwent testing with 23andMe, and was able to determine, with the help of a medical geneticist, that he/she was in fact a carrier 
DTC GENOMICS AND RESEARCH PARTICIPATION
An interesting outgrowth of commercial DTC genomic testing is that some companies offering such testing are, in parallel, building their own databases and conducting genetic research on the basis of the data obtained from their customers (44) . 23andMe (8) is likely the most prominent example of a company operating in this way, and from the time they opened their doors, they have embraced a business model that has clearly reflected the intention to promote and perform research (91) . This model of 'crowdsourcing' genetic disease research (43, 92) in many ways stands in opposition to conventional models and thus has been an additional source of controversy with respect to DTC genomic testing (93) . In 2010, researchers affiliated with 23andMe published the first report to emerge from what they termed their 'web-based, participant-driven' genetic studies (94) in which they identified new genetic trait associations, as well as replicated several previously reported findings. Their second study, focused on the genetic basis of Parkinson's disease, was published in 2011, identified two novel loci and represented a meaningful contribution to the field (95) . The success of these studies as well as other similar initiatives [e.g. for ancestry, the National Geographic 'Genographic' project (96)] suggests that this model of research participation, powered by large sample sizes that are hard to come by but a necessity for genomic research, may be both fruitful in terms of genetic discovery, as well as less costly compared with more traditional research mechanisms.
ISSUES ON THE DTC GENOMIC TESTING HORIZON
Since the emergence of the first DTC genomic testing companies in 2007, this area of genomics has been evolving rapidly and has been the subject of much intense debate. Anecdotally, at least, there is evidence that public interest in genomics appears to be increasing [e.g. the availability of personal genomics mobile 'apps' such as DYI Genomics (92) and the Genome Wowser (97), the popularity of genomics websites such as www.snpedia.com]. Therefore, it is likely that the important issues raised with respect to the public's level of access to genomic testing will remain a priority area for current and future research. We concur with others in the field regarding the need for further and ongoing thoughtful evaluation of the potential harms to consumers associated with DTC genomic testing (98). Although we offer that our initial analysis of this issue in the context of our SGHI study suggests that adverse anxiety reactions, at least, may be minimal (60) , additional studies are needed. However, given this preliminary evidence coupled with similar findings from studies of risk-disclosure for single-gene conditions (61), we would urge policy makers to proceed cautiously in any effort to limit the ability of consumers to access this information. While some level of regulation is likely appropriate, over-regulating may serve to stifle innovation in this burgeoning area of scientific translation (99).
In terms of future work, we propose that there are a few particularly relevant areas of DTC genomic testing that would greatly benefit from further research. These include, but are not limited to, the following: (i) research on consumer response to both DTC pharmacogenomic testing, as well as ancestry testing; (ii) issues surrounding the need for physician education in the area of genomic medicine (50, 51, 100) , as well as studies on the best and most efficient ways of presenting individual-level genomic data to health-care providers; (iii) the possible DTC testing of minors (101) , especially given evidence that younger individuals may be most amenable to adopting or changing risk-reducing lifestyle habits (102) and that parents may find testing to be beneficial (103) ( Table 3) ; (iv) the need for research on the potential finally, issues related to study design in the context of DTC research that has been pursued to date, including the limits associated with certain designs (e.g. studies that lack a control group) and alternative designs for testing certain hypotheses. While we propose these as important avenues of inquiry in this space, we also note the difficulties associated with pursuing research in this area. Specifically, the rapid pace at which the field (in particular the technology) is evolving poses challenges in terms of designing (as well as obtaining funding for) studies that will, once completed, produce findings relevant to the behavioral and psychosocial milieu of DTC genomic testing at that future point in time.
Ultimately, the era of genome-wide scanning can be considered only a segue to WGS. This is especially true as the costs for the latter have been ratcheting down at a rate far beyond projections, although we note that cost is not the primary bottleneck to delivery of personalized genomic information. One company that offers WGS to 'private clients' recently announced provision of their services for research purposes for ,$5000 per genome (106) . There has also been media coverage of high-profile celebrities obtaining such testing (107), as well as emerging evidence that sequencing strategies for medical purposes is reaping early rewards in terms of the diagnosis and effective treatment of rare diseases (108 -110) .
In terms of direct access to genomic testing for consumers, we believe that the 'democratization of DNA' that has already been initiated is important to preserve. Individuals and patients should have a right to have their DNA analyzed if they can be assured that this is being done with the highest level of accuracy and with defined limits regarding how the data can be interpreted. In particular, the notion that individuals would be better off if genomic testing were only available through a physician seems flawed given the well-documented lack of physician education and knowledge in genomics (50) . Notwithstanding these points, it remains unclear whether or not genomic information (whether it be SNP-or sequence-based) will remain available to consumers without the involvement of a health-care provider. Either way, however, current knowledge needs to be extended and enhanced with respect to the delivery, impact and use of increasingly accurate and comprehensive individualized genomic data. 
